Background: Sunitinib is one of the first-line standard treatments for metastatic clear cell renal cell carcinoma (ccRCC) with a median time to progression shorter than 1 year. The objective is to discover predictive markers of response to adapt the treatment at diagnosis.
VEGF, PDGF, CSF1 receptors, c-KIT, FLT3 and RET, was the first to be approved in the first-line setting, with a median PFS of 11 months. (Motzer et al, 2009) . Other targeted therapies have been developed, including TKIs such as axitinib (Motzer et al, 2013) or pazopanib (Escudier et al, 2014) , which inhibit VEGFR1, 2, 3, PDGFR, c-KIT and the VEGF-directed humanised monoclonal antibody bevacizumab (used in combination with interferon (IFN)-a) , and the mTOR inhibitors everolimus (Motzer et al, 2010) and temsirolimus (Motzer et al, 2008) . More recently, cabozantinib, which inhibits VEGFR, c-MET and AXL , and the anti-PD1 immune checkpoint inhibitor nivolumab, were proposed as other alternatives . Although these treatments have finally improved the clinical outcome of metastatic ccRCC, efforts are needed to identify the best treatment regimen according to patient profile. The current therapeutic practices are based on two assumptions: (i) the treatment must destroy blood vessels to eliminate the tumours and (ii) endothelial cells are normal cells that cannot adapt to the selection pressure exerted by the antiangiogenic treatments. However, tumour cells also express receptors targeted by anti-angiogenic drugs and this may contribute to tumour adaptation and relapse. Another unexpected aspect associated with the use of anti-angiogenesis treatments is the heterogeneity of the patients' response. Some patients are refractory right away and die rapidly, although others have a transient response and then relapse. A minority of patients are responders for a very long period of time (Motzer et al, 2009; Escudier et al, 2010) . These results indicate that ccRCC is a heterogeneous disease with variable clinical evolution (Gerlinger et al, 2012) . If the treatment targeted only the genetically stable vasculature, a more homogeneous response would be predicted. Therefore, the treatments induced a 'Darwinian' adaptation of tumour cells in relation to the microenvironment. This conclusion lead to two observations: (1) the necessity to identify predictive markers of efficacy; (2) the need for the identification of 'druggable' targets participating in progression on anti-angiogenic treatments that should be independent of the VEGF/VEGFR axis.
Preclinical studies have suggested that ELR þ CXCL chemokines (C-X-C motif Chemokine ligand containing the glutamic acid, leucine arginine (ELR) motif) may represent prognosis markers of survival in ccRCC patients and may constitute relevant therapeutic targets as evidenced in experimental tumours in mice (Grepin et al, 2012; Grepin et al, 2014) . As VEGF/VEGFR, the ELR þ CXCL cytokine CXCL7 and its specific receptors CXCR1 and CXCR2 are produced by tumour cells, platelets (von Hundelshausen et al, 2007) , endothelial and immune cells (neutrophils and macrophages) (Galliera et al, 2012) . They are involved in inflammation and angiogenesis. This generates simultaneously autocrine and paracrine loops that impact the microenvironment.
The current standard of care for ccRCC is to administer antiangiogenic therapies such as sunitinib. ELR þ CXCL chemokines may represent relevant predictive markers for sunitinib efficacy. We investigated whether CXCL7 chemokine easily measured in plasma samples, is a relevant predictive markers of sunitinib efficacy.
MATERIALS AND METHODS
Patients. Eligible patients for SUVEGIL and TORAVA trials were at least 18 years of age and had metastatic ccRCC histologically confirmed, with the presence of measurable disease according to Response Evaluation Criteria in Solid Tumors v1.1. Patients had not received previous systemic therapy for RCC and were eligible for sunitinib or bevacizumab combined with IFN treatment in the first-line setting. Patients were ineligible if they had symptomatic or uncontrolled brain metastases, an estimated lifetime less than 3 months, uncontrolled hypertension or clinically significant cardiovascular events (heart failure, prolongation of the QT interval), history of other primary cancer. All patients gave written informed consent. Tumours were assessed at baseline and then every 12 weeks by thoracic, abdominal, pelvic and bone CT scans. Brain CT scans were performed in case of symptoms.
Study design (SUVEGIL and TORAVA trials). The prospective cohort includes patients from the SUVEGIL (38 patients) and TORAVA (16 patients) trials.
The SUVEGIL trial (clinicaltrial.gov, NCT00943839) was a multicentre prospective single-arm study. The goal of the trial is to determine whether a link exists between the effectiveness of therapy with sunitinib malate and development of blood biomarkers in patients with kidney cancer. Patients received oral sunitinib (50 mg per day) once daily for 4 weeks (on days 1 to 28), followed by 2 weeks without treatment. Courses repeat every 6 weeks in the absence of disease progression or unacceptable toxicity.
The TORAVA trial (clinicaltrial.gov, NCT00619268) was a randomised prospective study. Patient characteristics and results have been previously described (Negrier et al, 2011) . Briefly, patients aged 18 years or older with untreated metastatic ccRCC were randomly assigned (2 : 1 : 1) to receive the combination of bevacizumab (10 mg kg À 1 iv every 2 weeks) and temsirolimus (25 mg iv weekly), or the combination of IFN-a (9 mIU iv three times per week) and bevacizumab (10 mg kg À 1 iv every 2 weeks), or one of the standard treatments: sunitinib (50 mg per day orally for 4 weeks followed by 2 weeks off) (Negrier et al, 2011) .
These studies were approved by the ethic committee at each participating centre and run in agreement with the International Conference on Harmonization of Good Clinical Practice Guideline.
Retrospective validation cohort. Thirty-one patients from the University hospitals of Rennes (France) and Pavia (Italy), treated with sunitinib (50 mg per day, once daily for 4 weeks), were analysed retrospectively.
Efficacy and safety. Blood samples were collected during the inclusion visit (baseline) and at the end of the four weeks of sunitinib administration at each cycle for biochemical analysis.
Plasmatic level of CXCL7 was correlated with OS and PFS, defined respectively as the time from inclusion in the trial to death from all causes (for OS) and to progression, treatment cessation or death (for PFS), censored at last follow-up for those still alive or who have not progressed.
Memorial Sloan-Kettering Cancer Centre (MSKCC/Motzer) score. Memorial Sloan-Kettering Cancer Centre score predicts survival based on clinical and laboratory data in metastatic RCC patients. It is a combination of: (1) performance status (Karnofsky score)o80%, (2) time from diagnosis to systemic treatmento12 months, (3) haemoglobin less than the lower limit of normal, (4) lactate dehydrogenase41.5 Â upper limit of normal, (5) corrected calcium410 mg dl À 1 (2.5 mmol l À 1
). Score 0, 1-2 or X3 corresponding respectively to Good, Intermediate or Bad Risk Group (Motzer et al, 1999) .
Biochemical analysis. Blood samples were centrifuged (10 000 g for 10 min) and the plasmas were collected and conserved at À 80 1C. Plasmatic level of CXCL7 (1/100 dilution) was determined by ELISA using Peprotech kits (reference 900-K40).
Quantitative real-time PCR experiments. One microgram of total RNA was used for the reverse transcription, using the QuantiTect Reverse Transcription kit (QIAGEN, Hilden, Germany), with blend of oligo (dT) and random primers to prime first-strand synthesis. SYBR master mix plus (Eurogentec, Liege, Belgium) was used for quantitative real-time PCR (qPCR). The oligonucleotides used for qPCR experiments are described in Supplementary  Table S2 .
Statistical analysis. Progression-free survival was defined as the time between blood sample collection and progression, or death from any cause, censoring those alive and progression free at last follow-up. OS was defined as the time from blood sample collection to the date of death from any cause, censoring those alive at last follow-up. The CXCL7 cut-off point (250 ng ml À 1 ) for PFS was determined using spline curves analysis. T-test was applied to compare continuous variables and chi-square test, or Fisher's exact test (when application condition of w 2 -test were not fulfilled), were used for categorical variables. Kaplan-Meier method was used to produce survival curves and analyses of censored data were performed using log-rank test. To guarantee the independence of CXCL7 as a predictive factor from validate predictive factor, multivariate analysis were performed using cox regression adjusted on MSKCC score. Adjusted hazard ratio (HR) and 95% confidence interval (95% CI) were calculated.
Smoothing splines curves for HR were used to determined cutoff for censored data.
The predictive cut-off determined in the prospective cohort was validated by using same cut-off, same definition for PFS and OS, and same statistical models in data from retrospective cohort. All analyses were performed using R software, version 3.2.2 (Vienna, Austria, https://www.r-project.org/).
Healthy donor plasma. Plasmas were obtained from healthy donors with informed consent following the Declaration of Helsinki according to recommendations of an independent scientific review board.
RESULTS
Patient and pathological parameters. Fifty-four patients were prospectively enrolled in the SUVEGIL (clinicaltrial.gov, NCT00943839) and TORAVA (clinicaltrial.gov, NCT00619268) trials, and treated by sunitinib. At diagnosis, the median age was 62.96 years. All patients were nephrectomised. Twenty-one patients (38%) had metastasis at diagnosis. Twelve (22%) patients had Fuhrman grade 1-2 and 35 (65%) patients had Fuhrman grade 3-4 tumours. The time from diagnosis to apparition of metastasis was inferior to 1 year for 27 patients (50%) and superior to 1 year for 27 patients (50%). Forty-one of 54 patients were evaluated for the MSKCC score. Eighteen patients (43.9%) had a good MSKCC score, 15 patients (36.59%) had intermediate MSKCC score and 8 patients (19.51%) had a poor MSKCC score. Forty-five patients were prospectively enrolled in the TORAVA clinical trial and treated by bevacizumab in combination with IFN-a or temsirolimus. Forty-two of 45 patients (93.3%) were evaluated for the MSKCC score. Six patients (14.29%) had a good, 13 (30.95%) had and intermediate and 23 (54.76%) had a bad MSKCC score. The population characteristics and pathological parameters are summarised in Table 1 .
Thirty-one patients from the University hospitals of Rennes (France) and Pavia (Italy) were included in a validation retrospective cohort. Seven patients (22.58%) had a good, 5 patients (16.13%) had an intermediate and 19 patients (61.29%) had a bad MSKCC score. The patients' characteristics are also summarised in Table 1 .
Progression-free survival in prospective/validation cohorts (sunitinib group) and correlation to CXCL7 plasmatic level. Plasmatic level of CXCL7 was correlated with OS and PFS, defined respectively as the time from inclusion in the trial to death from all causes (for OS) and to progression, treatment cessation or death (for PFS), censored at last follow-up for those still alive or who have not progressed.
The median PFS was 20.5 months and the median OS was 38.4 months (Supplementary Figure S1) . The plasmatic level of CXCL7 was measured at diagnosis and throughout the different cycles of sunitinib treatments. No correlation was observed between disease progression and the variation in cytokine plasmatic levels along time. Only plasmatic levels at diagnosis were correlated to PFS. The CXCL7 cut-off point (250 ng ml À 1 ) for PFS was determined using spline curves analysis (R software, version 3.2.2).
Patients with CXCL7 plasma levels below 250 ng ml À 1 (range 139.2-250 ng ml À 1 ) had a shorter median PFS (12.6 months) compared with patients with plasma levels above 250 ng ml À 1 (range 250-485.2 ng ml À 1 , 27.7 months, P ¼ 0.001; HR 0.285 (CI 95% 0.161-0.504)) ( Figure 1A) .
The levels of CXCL7 (cut-off: 250 ng ml À 1 ) were also correlated with OS. Indeed, patients with plasma levels below 250 ng ml À 1 had a lower median OS (23.5 months) compared with patients with plasmatic levels above 250 ng ml À 1 (not reached, P ¼ 0.047; HR 0.374 (CI 95% 0.177-0.79)) (Supplementary Figure S3A) .
These results were confirmed in a validation retrospective cohort. Indeed, patients with plasma levels below 250 ng ml À 1 had a shorter median PFS (10.4 vs 14.1 months, P ¼ 0.0002; HR 0.207 (CI 95% 0.371-0.313)) ( Figure 1B) .
To guaranty the independence of our biological parameter, it was important to show that CXCL7 was not a surrogate marker of clinical parameters. As shown in Supplementary Table S1, the levels of CXCL7 (inferior or superior at 250 ng ml
) and clinical parameters of patients in the prospective cohort (age, gender, Fuhrman grade, pT, pN, pM or MSKCC score) are not correlated. The biological and clinical parameters (levels of CXCL7 and MSKCC scores, the standard score used for patient evaluation in clinical practices) were then analysed in a multivariate Cox regression model on PFS (Table 2 ). CXCL7 expression was identified as an independent prognostic parameter for PFS (P ¼ 0.03, HR 0.341 (CI 95% 0.126-0.926)). A similar results was obtained for a bad MSKCC score with respect to PFS (P ¼ 0.04, HR 3.13 (CI 95% 0.993-9.865), Table 2 ).
Progression-free survival in prospective cohort (bevacizumab þ IFN group) and correlation to CXCL7 plasmatic levels. To determine the predictive role of CXCL7 for sunitinib efficacy, we tested the plasmatic levels of CXCL7 in a subset of patients of the TORAVA clinical trial that were treated with bevacizumab þ IFN. The median PFS was 10.6 months and the median OS was 24.1 months (Supplementary Figure S2) . The CXCL7 plasmatic levels did not discriminate patients with a long or a short PFS (Figure 2A) or OS (Supplementary Figure 3B) . Kaplan-Meier analysis of PFS of patients with ccRCC treated with sunitinib. Progression-free survival (PFS) was calculated from patient subgroups with plasmatic level for CXCL7 at the diagnosis that were less or greater than a cut-off value of 250 ng ml
, for SUVEGIL and TORAVA trials-prospective analysis (A) or for retrospective analysis (B). Statistical significance (P value) and the time of the median disease free are indicated. Additional exploratory analyses. Post-hoc analysis was conducted to better define the role of CXCL7 in the tumour. In silico available transcriptomic data showed that high CXCL7 mRNA levels correlated with tumour stage (Supplementary Figure  S4A) and PFS (Supplementary Figure S4B) . We compared the level of CXCL7 in the plasma of 24 healthy donors and 37 metastatic ccRCC patients (following surgical removal of the primary tumour). The level of CXCL7 is lower in ccRCC patients ( Figure 3A) . Moreover, patients that relapse on sunitinib have decreased plasmatic CXCL7 levels compared to responsive patients. Their CXCL7 plasmatic concentrations are not significantly different as compared to healthy donors ( Figure 3B) .
The above-mentioned results were apparently discordant (high intra-tumour levels and low plasmatic levels both correlated with poor prognosis). The intra-tumour CXCL7 mRNA amounts and the plasmatic CXCL7 levels are inversely correlated (correlation coefficient (CC) À 0.79, Figure 3C ). Physiologically, CXCL7 are produced by platelets (von Hundelshausen et al, 2007) and immune cells (neutrophils and macrophages) (Galliera et al, 2012) , and are involved in inflammation and angiogenesis. Hence, we analysed the correlation between intra-tumour CXCL7 amounts and the amounts of immune cells. Intra-tumour CXCL7 is positively correlated with neutrophils (N, CC ¼ 0.8) and M2 macrophages invasion (M2, CC ¼ 0.85; Figure 3D ). Colonisation of ccRCC by these cells has previously been associated with a poor prognosis (Santoni et al, 2014; Song et al, 2015) .
To explain the sequence of events during tumour development, we tested plasmatic and intra-tumour CXCL7 levels in The plasmatic levels of CXCL7 in healthy donors or ccRCC patients were determined by ELISA. (C) The plasmatic and tumour levels of CXCL7 were determined respectively by ELISA and by qPCR. The CC between the two values was calculated. (D) The intra-tumour CXCL7 mRNA levels (7 ccRCC patients), neutrophils (N, LCN2 and ELANE mRNA), M1 macrophages (M1, iNOS and IL1b mRNA) and M2 macrophages (M2, ARG1 and MRC1 mRNA) were determined by qPCR. The CC between each value is indicated. (E) Recapitulative schema: during tumour initiation, the amount of CXCL7-producing cells (neutrophils and M1 macrophages) is more important in the blood stream than in the tumour. Hence, CXCL7 amounts are greater in the blood than in the tumour. Then, the anti-tumour response is linked to an attraction of monocytes to the tumour were they polarised towards M1 macrophages. As tumour cells also express CXCL7, neutrophils are attracted to the tumours. During the tumour development phase, monocytes are polarised towards M2 macrophages that produced CXCL7 in addition to those produced by tumour cells. Attraction of CXCL7-producing cells to the tumour creates an exhaustion of the cytokines in the plasma and an overproduction in the tumour. *Po0.05.
experimental tumours of mice xenografted with human ccRCC cells. The experimental tumours obtained by xenografting ccRCC cells developed as we previously described (Grepin et al, 2014; Dufies et al, 2017) (Supplementary Figure S5A) . Mouse CXCL7 plasmatic levels were decreased in mice with 'human' tumours (Supplementary Figure S5B) , which was consistent with the results obtained with plasma from patients. HES staining of the experimental tumours showed an important infiltration of immune cells identified as natural killer (NK), macrophages and neutrophils (Supplementary Figure S5C) . A strong correlation was observed in these experimental tumours between human CXCL7 (H CXCL7) and mouse intra-tumour NK cells (CC ¼ 0.71) suggesting an immune response triggered by CXCL7. A strong correlation was also observed between mouse CXCL7 (M CXCL7) and the presence of neutrophils (N, CC ¼ 0.81). CXCL7 was not correlated with M1 but was correlated with M2 macrophages (M2, CC ¼ 0.78), which is consistent with the correlation between N and M2 (CC ¼ 0.9). Human and mouse CXCL7 were also correlated with high levels of CXCR1 (CC ¼ 0.57 and 0.9 respectively) and CXCR2 (CC ¼ 0.85 and 0.55 respectively) which are physiologically expressed on neutrophils and macrophages (correlation between CXCR1 and N, CC ¼ 0.6 and correlation between CXCR1 and M2, CC ¼ 0.58). A correlation was observed between CXCR2 and NK cells even though NK cells do not express this receptor physiologically (Supplementary Figure S5D) . These results suggest that immune cells producing CXCL7 in the plasma are attracted towards the tumours and participate in the pro-inflammatory/pro-proliferative response contributing in tumour growth (see the schematic representation in Figure 3E ).
DISCUSSION
Despite the development of several therapies for ccRCC and the increase of PFS, no curative treatment currently exists. Moreover, because of the heterogeneity of the initial tumours and their subsequent metastasis (Gerlinger et al, 2014) , the response to the current first line therapy with sunitinib is highly variable. There are two major constraints. The first evident one is related to the improvement of patient survival. The second is economical and related to the high costs of targeted therapies. In order to reconcile the therapeutic and the economic imperatives, robust predictive markers of treatment efficacy have to be identified. To be manageable in the clinical practices, protocols must be easy to transfer to technical platforms of hospitals, must be non-invasive and applicable to small blood or urine samples.
We believe that we have identified such a marker in the frame of prospective multicentre clinical trials (SUVEGIL and TORAVA), the angiogenic and pro-inflammatory cytokine CXCL7. This was corroborated in a retrospective cohort of patients highlighting the relevance of our results. Moreover, CXCL7 was not indicative of PFS for patients treated with bevacizumab þ IFN. These results are strongly indicative of the predictive value of CXCL7 for sunitinib efficacy. Whereas sunitinib induces a significant decrease of cell viability in vitro, bevacizumab þ INF did not (Supplementary Figure S6) . This result may explain, at least in part, the difference in the predictive value of CXCL7 for sunitinib but not for bevacizumab efficacy. The challenge for a relevant marker is to precisely identify a threshold value. A standard value has been determined through the statistical analysis but must be refined especially for patients whose CXCL7 levels are borderline compared with the identified 250 ng ml À 1 threshold value. We were surprised by the very long PFS (27.7 months) and OS (38.4 months) that we recorded in the prospective clinical trials as compared with those described in the pivotal trial that lead to sunitinib approval (PFS ¼ 11 months; OS ¼ 20.5 months) (Motzer et al, 2007; Motzer et al, 2009) . However, some patients respond for a long period of time to sunitinib reaching 4-5 years (Chara et al, 2011) . Therefore, the long PFS and OS probably reflect the recruitment by serendipity of good responders. In a study that had enrolled 4543 patients, a good MSKCC score was correlated to a long PFS (15 months) and a long OS (54.6 months) (Gore et al, 2015) . Therefore, these results show in an independent cohort that some patients benefit for a long period of time of sunitinib. However, the important message is the identification of a biological marker that allows identification of very good responders and subsequently patients who benefit of the treatment in terms of PFS and OS.
We were puzzled by the inverse correlation between intratumour and plasmatic levels and their relative significance as a prognostic determinant (Grepin et al, 2014) . These experiments suggested that during the initial phase of tumour development, immune cells that participate in the physiological plasmatic level of CXCL7 are targeted to the tumour to mount an anti-tumour response, probably via the recruitment of NK cells. However, tumour cells that also produce CXCL7 may participate in immune tolerance, inflammation and angiogenesis via attraction of neutrophils, differentiation of monocytes towards M2 macrophages and proliferation of endothelial cells (neutrophils, monocytes and endothelial cells physiologically expressed CXCL7 receptors). Consequently, CXCL7 levels increase in the tumour whereas they decrease in the plasma (see Figure 3E ). Such disequilibrium is probably characteristic of aggressive tumours/ metastasis. Such aggressiveness may be attributed to the CXCL7-dependent production of VEGFC and VEGFD, leading to the development of a lymphatic network (Yu et al, 2010) , a known feature of metastatic dissemination (Karaman and Detmar, 2014) . It would be important to determine whether CXCL7 is a predictive marker of efficacy for other anti-angiogenic drugs targeting the VEGF/VEGFR axis currently used as second or third-line treatments.
CONCLUSION
Our study highlighted CXCL7 as a relevant predictive marker of sunitinib efficacy, the first line treatment of metastatic ccRCC. We also established a threshold value for patients for low or high risk of relapse in two independent cohorts. These results must be confirmed on a larger prospective cohort to introduce CXCL7 measurements into clinical practice to rapidly adapt the treatment at the diagnosis.
